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Routine metabolismSenegalese sole is known to be a species with pronounced nocturnal feeding behaviour. However, as for most
ﬁsh species, there is a lack of knowledge concerning the inﬂuence of such biological rhythm onmetabolic rate.
The aim of this study was to determine whether individual variation in routine and fed metabolic rate was
affected by daily light–dark rhythms in juveniles of Senegalese sole. The individual oxygen consumption
measurements in Senegalese sole juveniles were determined by ﬂow-through respirometry, at fasted
conditions and after the ﬁsh were fed a single meal, the meal time started at 0930 h and ﬁsh fed ad libitum for
30 min. The measurements were made during 22 h, of which 8 h was in the light and 14 h in the dark, and
started immediately after transfer to the respiratory chambers at 1100 h. The results suggest an inﬂuence of
light–dark cycles in routine metabolism. It was observed that oxygen consumption increased during the dark
phase in fasted ﬁsh (FAST) but was higher during the light phase in fed ﬁsh (FEED). However, when feed is
provided during the light phase, juveniles are capable of shifting oxygen consumption rhythms to respond to
the energetic demands of digestion and growth. These results suggest that routine metabolism varies
according to the species natural habits as Senegalese sole is known to be nocturnal. The ﬁndings of this study
underline the importance of understanding the biological rhythms of the species under study before
metabolic data are interpreted.eira).
l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
The rate of respiration, measured in terms of oxygen consumption,
has been frequently used as an index for metabolic rate in aquatic
animals. The oxygen consumption of ﬁshmay be classiﬁed in different
levels based upon the physiological state of the ﬁsh (Brett, 1971; Fry,
1971). The basal metabolism is deﬁned by the lowest rate of energy
spent to maintain a live organism (Brett, 1971; Brett and Groves,
1979). Due to ﬁsh spontaneous activity, it is difﬁcult to measure the
basal metabolism; therefore the term restingmetabolism is preferably
referred instead of the minimum rate of oxygen consumption (Brett,
1971; Brett and Groves, 1979). Metabolic scope is the range through
which the aerobic metabolic rate of an animal is able to ﬂuctuate (Fry,
1971). The metabolic scope due to feeding is the difference between
maximum oxygen consumption measured due to feeding and the
measurements at fasted level (Cunha et al., 2007; Lucas and Priede,
1992; Wieser, 1985).
Routine metabolic rate (RMR) refers to the basal metabolism plus
the minimal metabolic level related to spontaneous activity (Fry,
1957; Seppänen et al., 2010). RMR has been used to understand the
metabolic consequences of some stressors (Careau et al., 2008;
Martins et al., 2011). In ﬁsh, metabolic rate may be inﬂuenced by alarge number of internal and external factors (Brett and Groves,
1979). Some researchers have reported a shift in the metabolic rate,
correlated to daily photoperiod which may also be inﬂuenced by
changes in the light–dark cycle (Biswas et al., 2002; Davis, 1962; Ross
and McKinney, 1988). In ﬁsh, the light–dark cycle is one of the most
important synchronizing factors (Aranda et al., 1999). Knowledge
about behaviour has been related with daily rhythms. For example Sea
bass Dicentrarchus labrax (Linnaeus, 1758) may exhibit both diurnal and
nocturnal behaviour, inverting their phasing depending on the season
(Sánchez-Vázquez et al., 1998). Furthermore, Oliveira et al.(2009)
observed in Senegalese sole a synchronization of reproduction with
daily rhythms. Daily rhythms have been profusely investigated in ﬁsh
during the last two decades, with special emphasis on behavioural
rhythms, reproduction and feeding activity. Biological rhythms related to
behaviour and physiological parameters are controlled by endogenous
variations within the brain, which are synchronized by environmental
changes (Souêtre et al., 1989).
Fish exhibit daily behavioural rhythms and alternate activity
patterns between light and darkness periods. In the absence of
external cues (constant light), the circadian rhythms persist only with
slight deviation from the environmental cycle that is normally
synchronized (Sánchez et al., 2009). Nevertheless, the adaptation of
the endogenous rhythm to an external cycle may become a limiting
factor for physiological processes, including those related to animal
growth rate (Biswas et al., 2002).
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and in the Southeast coast of the Atlantic. This species is considered a
nocturnal species, since in laboratorial conditions they showed a higher
activity and plasma melatonin during the night (Bayarri et al., 2004).
Although it iswell known that oxygen consumption follows a light–dark
rhythm (De la Gándara et al., 2002), the inﬂuence of feeding on this
rhythm is not yet available in Senegalese sole, or in any ﬂatﬁsh. Such
information may be useful to understand the oxygen requirements for
this species, and for advising better feeding strategies. Furthermore, the
extent of individual variation in metabolism under light and dark
regimes has never been reported. A full understanding of the light–dark
rhythm provides basic knowledge on variability of oxygen responses
and these effects may be considered when interpreting respirometry
studies on stress or nutritional effects.
The aim of this study was to determine how individual variation in
fasted (or routine) metabolic rate and fed metabolic rate is affected by
daily light–dark cycles in Senegalese sole juveniles. In particular, it
was intended to verify how Senegalese sole, a nocturnal species, is
able to adjust oxygen consumption to respond to diurnal feeding.
2. Methods
2.1. Fish, feeding and housing conditions
The experiment was carried out at the Ramalhete Research Station
(Faro, Portugal), using ﬁsh stocked in a partial-recirculated system
(temperature: 20±1 °C; salinity: 36 g L−1; dissolved oxygen: 8.5±
4 mg L−1) with a photoperiod of 10 h light:14 h dark. The lights are
turned on at 0800 h and off at 1800 h, and it was a sudden transition
from light to dark period and vice versa. This experimental period lasted
for 163 days.
Twelve Senegalese sole juveniles, averaging an initial weight of
18.49±2.94 g were used. Fish were obtained from natural spawning of
wild broodstock and reared according to standard larval and juvenile
rearing protocols (Dinis et al., 1999). Fish were kept in two 12.6 L ﬂat-
bottomed ﬁbreglass tank (70 cm length×30 cm width×6 cm depth).
The water renewal rate in the recirculated system was 19.5% per day.
Tanks were cleaned and the water parameters (temperature, salinity
and dissolved oxygen) were monitored every day. The water quality
was determined byweeklymeasurements of ammonia andnitrite using
test kits and never exceeded 0.025 and 0.3 mg L−1, respectively, during
the experimental period.
Fish were fed ad libitum, once a day a commercial diet, (Aquagold
2 mm, Sorgal SA, Ovar, Portugal; 44% crude protein, 14% crude fat, 8%
ash, 2.5% crudeﬁbres, 1.0% phosphorus), except on days 85, 106 and 113
when the oxygen consumption of FASTwasmeasured. At the beginning
of the experiment, ﬁsh were anaesthetized with, 2-phenoxyethanol
(Sigma-Aldrich, Germany; 1:150 v/v), and individually weighed and
marked with an intradermal injection of water ink (Acualux Titan,
Spain) on the blind side, according to standard tagging protocol (Reig et
al., 2003).
2.2. Experimental procedures
2.2.1. Respirometry
In the ﬁrst part of experiment (acclimatization period), ﬁsh were
undisturbed until day 85, the beginning of measurements of oxygen
consumption. Oxygen consumption of individual Sole juveniles was
determined by ﬂow-through respirometry on day's 85, 106 and 113
(FAST conditions) and on day's 120, 127 and 134 (FEED conditions).
Before transfer to the respiratory chambers ﬁshwere left unfed for 24 h
(FAST groups n=12) or fed ad libitum, the meal time started at 0930 h
and ﬁsh fed ad libitum for 30 min. (FEED groups n=12).Measurements
started immediately after transfer (1100 h) and continued for 22 h, of
which 8 h were in the light and 14 h in the dark. In order to keep the
stress level of the ﬁsh at aminimum, the ﬁshwere not disturbed duringthe respirometry measurements. The body weight of each individual
was determined immediately after removal from the chamber.
The ﬂow-through respirometry system consisted in 6 individual
metabolic chambers (2.3 L). Each ﬁsh was placed individually in a
chamber. Since housing in respirometry chambers is likely to induce a
stress response (Careau et al., 2008; Martins et al., 2011) the ﬁrst 3 h of
measurements taken during the period of light were discarded. The
water inlet was always at oxygen saturation level while the oxygen
concentration at the outlet was measured by a polarigraphic micro-
electrodemodel 8–730 (Microelectrodes Inc., USA). The measurements
were controlled by a PC using the Oxilogger 2009 software (João Reis,
University of Algarve, Faro, Portugal).
The saturation level of oxygen was maintained in the water
reservoir, and a peristaltic pump (ISMATEC, model ISM920A, Switzer-
land), controlled the water ﬂow of each chamber via Tygon® tubing
(480-μminnerdiameter). Each respirometry runconsisted in sequential
measurements from all the chambers. The magnetic valves controlled
by the Oxilogger 2009 software determined in which chamber the
oxygen consumption was being measured. At the beginning of each
cycle the oxygen dissolved in water was measured during a 30 s period
in order to calibrate the software. This calibration was followed by a
120 s washing step of seawater from the next chamber before starting
the measurement period (30 s). This step was always done before and
after the measurement of each chamber. Six measurements of oxygen
consumptionwere registered over a period of 30 s (5 s each).A complete
cycle of measurements (6 chambers) was done during 18 min, and
comprised the calibration of the oxygen probe, a washing step,
measurement of dissolved oxygen in the water chamber, washing step,
and so forth the 6 chambers in sequence. The water temperature was
always measured in the outlet water of each chamber by a temperature
probe. The oxygen calibration was performed each time a measurement
run started.
2.3. Statistics
Statistical analyses were performed using SPSS 18.0 for Windows.
Data are expressed as mean±SE of three runs of respirometry data.
Statistical analysis was done based on the average of the three runs per
ﬁsh. Therefore, for statistical analysis, the light period between1530 and
1800 h was considered to be representative of resting metabolism. All
measurements taken during thedark phasewere used. Paired t-testwas
used to compare the oxygen consumptions between the light and dark
phases. Possible correlation between oxygen consumption in light and
dark phases in (FAST/FEED) ﬁsh over the experimental period were
analysed using Pearson correlation tests. Linear regression was used for
curve adjustment. The slopes of the regressionequationswere compared
by analyses of covariance usingProc GML (SAS, 1989). Signiﬁcance levels
were set at Pb0.05.
Scope for growth, was calculated using the formula: oxygen
consumption (FEED)−oxygen consumption (FAST), where, FEED and
FAST were the maximum and minimum oxygen consumption rates,
respectively.
3. Results
A pronounced individual variation in oxygen consumption was
observed after ﬁsh transfer to respirometry chambers (Fig. 1). Fish
under fasted conditions presented a maximum oxygen consumption of
210.3 μmol O2/g BW/h, and a minimum oxygen consumption of
163.7 μmol O2/g BW/h. Food ingestion led to a clear increase in oxygen
consumption, to a maximum of 311.4 μmol O2/g BW/h, while minimum
oxygen consumption was 233.3 μmol O2/g BW/h. The period of lowest
oxygen consumption by ﬁsh (resting metabolism) averaged 175.1±
2.6 μmol O2/g BW/h.
The metabolic scope (difference between FEED and FAST metabolic
rate) averaged 96.5±13.6 μmol O2/g BW/h and 69.9±9.1 μmolO2/g
Fig. 1. Variation in oxygen consumption in 12 Senegalese sole juveniles, over a period of
22 h. The line (−−) represents oxygen consumption of Fasted and (▬) Fed individuals.
Black lines aremeans and grey lines standard errors (n=12). The period of lowest oxygen
consumption by ﬁsh (resting metabolism) was determined between 1530 and 1800 h.
Fig. 3. Mean oxygen consumption in Fasted and Fed Senegalese sole juveniles during
the 22 h period (light and dark phases) (n=12). Data are presented as means±se.
Different letters indicate signiﬁcant differences (paired t-test: Pb0.001).
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correlation between metabolic scope and resting metabolism in
Senegalese sole juveniles (P=0.999).
Fish showed higher oxygen consumption (294±3.6 μmol O2/g
BW/h) under fed conditions than ﬁsh under fasted conditions (200±
6.3 μmol O2/g BW/h) (Pb0.001). Fasted metabolism looks to be about
0.7 times the fed metabolism.
In the dark phase in fasted and fed conditions was found a
signiﬁcant difference between the oxygen consumption in fasted ﬁsh
(215±12.6 μmol O2/g BW/h) as compared with the fed ﬁsh (285±
15.6 μmol O2/g BW/h) (Pb0.001) (Fig. 2).
In fasted conditions (FAST) juveniles showed a signiﬁcantly higher
oxygen consumption in the dark phase (215±12.6 μmol O2/g BW/h) as
compared with the light phase (184±12.0 μmol O2/g BW/h) (Pb0.05).
The oxygen consumption in FEED was signiﬁcantly higher in the light
phase as compared with the dark phase (Pb0.05) (Fig. 3).
One should also note the wide individual variation in oxygen
consumption (Figs. 4 and 5) between individuals in similar physio-
logical conditions (dark, light conditions either FEED or FAST). Highly
signiﬁcant correlations were found between ﬁsh oxygen consumption
(μmol O2/g BW/h) during the light and dark phases and FAST or FEED
conditions (Fig. 4).Fig. 2. Mean oxygen consumption rate of Fasted and Fed Senegalese sole juveniles
(n=12), during the light (8 h) and dark (14 h) phases. Data are presented as means±
se. Different letters represent signiﬁcant differences (paired t-test Fasted conditions:
P=0.003) and (paired t-test Fed conditions: P=0.046).FAST condition:
MR Dark phase=9.095+1.035⁎MR Light phase (r2=0.95,
n=12, Pb0.001)
FEED condition:
MR Dark phase=70.065+0.728⁎MR Light phase (r2=0.92,
n=12, Pb0.001).
Individuals with higher oxygen consumption in the light phase
were also the individuals with higher oxygen consumption in the dark
phase.
The intercepts and slopes of the regression lines in Fig. 4 differed
signiﬁcantly (P=0.030 for intercepts and P=0.013 for slopes). The
slope of the regression line in fasted ﬁsh was signiﬁcantly higher than
in fed ﬁsh, suggesting that fasted ﬁsh have a more pronounced
increase in oxygen consumption during the dark phase as compared
with fed ﬁsh.
The FEED metabolic rate was signiﬁcantly correlated, (P=0.003),
with the FAST metabolic rate (Fig. 5).
FEED MR=28.057+1.343⁎FAST MR (r2=0.60, n=12, P=
0.003).
Senegalese sole that exhibited higher oxygen consumption levels
in FEED condition also exhibited higher oxygen consumption levels in
FAST conditions.Fig. 4. Relationship between oxygen consumption levels during dark and light phase in
Fasted (grey line) and Fed (dark line) Senegalese sole juveniles (n=12).
Fig. 5. Relationship between oxygen consumption in Fasted and Fed Senegalese sole
juveniles (n=12) during light phase.
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A better knowledge of individual differences in oxygen consump-
tion measurements may contribute to optimise metabolic studies;
however, such knowledge is often missing. The scarceness of
information at level of individual variation is strongly associated to
difﬁculty in measuring it. It requires complex techniques (e.g.,
individual tagging) and this implies more work and time. In this
study, individual differences in oxygen consumption seem to be
consistent across both FAST and FEED and during the light and dark
phases. Although the absolute values of oxygen consumption were
affected by the light and dark phases, the rank of each individual
remained the same, i.e. an individual consuming less oxygen when
fasted was also consuming less oxygen when fed. Likewise, ﬁsh
consuming less oxygen during the light phase also consumes less
oxygen during the dark phase. This comparison is possible because the
ﬁsh was previously tagged as described inMethods. This suggests that
variations in oxygen consumption measurements are persistent
within individuals.
Fasted ﬁsh (FAST) showed higher oxygen consumption during the
dark phase, this may suggest a higher activity during the night.
Senegalese sole appears to be strongly inﬂuenced by photoperiod;
however daily metabolic rate rhythm, to our knowledge has not been
reported. The data of the present study is in accordance with the idea
that Senegalese sole is a nocturnal species, as clearly shown by
spawning and melatonin rhythms (Bayarri et al., 2004; Oliveira et al.,
2009; Vera et al., 2007).
The results of FAST oxygen consumption during the dark phase
suggest an anticipatory activity inﬂuenced by the natural rhythms of
food availability, similar suggestion has been raised in other species,
as Salmonids and European sea bass Dicentrarchus labrax Linnaeus,
1758 (Aranda et al., 1999; Reebs, 2002). In addition, once this species
has a higher routine (FAST) metabolism during night. The time of the
day (dark/light) during which the respirometry measurements are
done should be taken into consideration when interpreting such data.
In FAST group, the oxygen consumption was higher during the
dark phase. However when feeding occurred, the oxygen consump-
tion was higher during the light phase, probably as a response to the
energy costs of digestion and protein accretion (see Fig. 4). In general,
feeding increases the oxygen consumption in organisms; which is
associated with numerous mechanical and biochemical processes
related with food ingestion, digestion absorption and assimilation as
well as, protein synthesis and deposition (Fu et al., 2006; Jobling,
1981). Jobling (1994) suggested that the maximum rate of oxygenconsumption induced by feeding appears to be approximately double
of fasted metabolism. In FEED ﬁsh the metabolism looks to be about
0.7 times increased in relation to FAST ﬁsh. Thus, the present study
may suggest a lower metabolic scope in Senegalese sole compared to
Salmonids and other ﬁsh species. Alternatively, sole appetite may
have been low, leading to fed intake below the maximum for this
species, and, therefore the maximummetabolic rate was not attained.
It should be noted that in this study feeding occurred during the light
phase. Therefore thepresent studysuggests that the individual variation
in oxygen consumption is more adaptative than temporal variability. In
mammals, circadian rhythms are generated by biological clocks that are
synchronized to the cyclic environment by photic or nonphotic cues
(Moore andDanchenko, 2002). Stimuli such as feedingmay cause phase
shifts in most of the circadian rhythms as it acts as strong entrainment
(Mrosovsky, 1996). Meal timing is known to synchronize most of the
circadian rhythms in mammals (Froy and Miskin, 2007). The timing of
food availability and intake exerts a great effect on rhythmic physiology
(Froy et al., 2006). It is also known that periodic food access can override
the light–dark cycle (Rubin et al., 1988). In the present study, during fed
conditions, the foodwas available regularly at the same timewhichmay
have exerted a powerful stimulus. The feed stimulus possibly override
the light–dark cycle, as oxygen consumptionwashigher during the light
phase. The higher metabolism in this phase may be due to food
processing or also due to a higher metabolism derived to an adaptation
to a new circadian rhythm, imposed by food availability. When food
access is restricted, functions which are coupled more or less directly to
food ingestion are shifted to the time of food access, whether it is during
light or of dark hours. The marked decrease of oxygen consumption in
FAST ﬁsh during the light phase and sequential increase at dark phase
may be linked to a “return” to the species natural biology rhythm once
the feeding stimuli disappeared. Despite the possibility to adapt to
forced circadian rhythms, the consequences of such change in the
metabolic plasticity of the individuals have never been addressed. In
addition, the high metabolic scope found during the light phase might
be an adaptative strategy to food availability in captivity.
The present study shows a higher metabolic scope due to feeding
(the difference between FEED and FAST oxygen consumption rates) in
the light phase (see Fig. 1), when average data are analysed. However,
correlation analysis did not show any relation between resting
metabolism and metabolic scope due to feeding in individual ﬁsh, as
would then be expected, because when we have higher oxygen
consumption fasting values we have lower values of metabolic scope
due to feeding once these values are the difference between feed and
fasted metabolism. This apparent lack of consistency between mean
and individual data could be explained if individuals with lower
resting metabolic rates tend to be the ones with higher fed metabolic
rates. However, the opposite was observed in the present study
(see Fig. 5). A more likely explanation is that individual Senegalese
sole juveniles have different strategies to accommodate the energetic
costs of maintenance and growth. In some individuals these costs are
additive, and in others when ﬁsh grow at maximal rates the costs of
maintenance (FAST metabolic rate) are partly suppressed, creating
additional scope for growth. The occurrence of such non-additive for
the energetic costs of maintenance and growth has been previously
suggested for other ﬁsh species (Rombough, 1994; Conceição et al.,
1998). It would be interesting to verify to what extent these proposed
different strategies to accommodate the energetic costs of mainte-
nance and growth correlate with the different coping styles recently
suggested for Senegalese sole (Silva et al., 2010).
In conclusion, this study provided basic knowledge on themetabolic
rate rhythms of Senegalese sole juveniles. In fasted ﬁsh the highest
oxygen consumption measurements were observed during the dark
phase, emphasising the synchrony between species biological cycle and
oxygen consumption. However, when food was provided during the
light phase, juvenileswere capable of shifting their oxygen consumption
rhythms to respond to the energetic demands of digestion and growth.
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